The effects of counter-rotating terms on ground states (GS) of a lambda-type three-level atomic system coupled with two fields are examined. The GS, which are dark states in rotating wave approximation (RWA), can be expressed by a simple formula including the excited states. When the coupling strength is less than 0.2 of the maximum energy splitting in the atomic system, the component coefficients of excited states in the GS can be described by the formula similar as that in a two-level system and have linear relationship with their coupling constant. Further increasing the coupling strength will increase the excited components in the GS more rapidly, very different from the two-level system.
Electromagnetically induced transparency (EIT) is a phenomenon that a field can pass a medium without absorption even at the resonance condition [1−3] . It enables one to dramatically modify the optical properties of the medium and offers many new possibilities for nonlinear optics and quantum information science [4−7] . This phenomenon is usually modeled as a three-level atomic system, typically a lambda-type configuration, coupled with two laser fields (one is the probe field and the other is the coupling field). The physical interpretation underlying the cancellation of absorption in EIT are related to dark state [7] . Dark state is one state that is decoupled from the light fields. If the system is in dark state, the EIT will occur. This conclusion is made under the rotating wave approximation (RWA) in which the counter-rotating wave terms in the system Hamiltonian are discarded and the eigenstates which have no contributions from the excited states can be found. In experiments, a gas-phase atomic or molecular medium is usually chosen to realize EIT. In such systems, the coupling strength λ between the atom and fields is largely determined by the intrinsic dipole moment of the atom and is very small compared to the atomic transition frequency ω (λ/ω ∼ 10 −7 − 10 −6 ) [8] . The weak coupling between the atom and the field makes sure that RWA is effective and provides a succinct way for explaining the EIT. Recent study [9] shows that ground state (GS) energy and wavefunction in a two-level system JaynesCummings (JC) model are mainly decided by counterrotating wave terms. When coupling constant becomes large the ground state deviates dark state obviously. In recent years, significant experimental progress in developing strong coupling systems has been made and much larger coupling with λ/ω ≈ 10 −3 can be produced in quantum-limited solid-state device systems [10−14] . The possibility of still larger coupling strengths than those possible with dipole coupling offers an opportunity to explore the effects of counter-rotating terms on EIT. In such regime of strong coupling strength, RWA is invalid and the counter-rotating wave terms should be considered.
In this letter, the effects of counter-rotating terms on the GS in a two-level JC model are briefly introduced firstly. Then the GS in a lambda-type atom coupled with two laser fields, including one probe field and one coupling field, is studied considering the counter-rotating terms. The results show that the effects of the counterrotating wave terms on GS cannot be ignored when the coupling constant is more than 0.2 ( if the maximum energy splitting in the atomic system is one unit).
Before we turn to the three-level Lambda system, we would like to discuss the two-level system firstly, which would help us to better understand the more complicated three-level system coupled with two laser fields. The interaction of a single-mode quantized field with a two-level atom can be described by the Hamiltonian
where |g and |e are the atomic lower and upper levels, respectively. ǫ 1 and ǫ 2 are the energies for |g and |e . ω is the frequency of the field, λ is the coupling constant between the field and the atom. For the sake of simplicity, is taken to be 1. If we use the notation, σ z = |e e| − |g g|, σ + = |e g|, σ − = |g e|, and ignore the constant [15] , the Hamiltonian in Eq. (1) will change into a familiar form,
where ǫ = ǫ 2 − ǫ 1 is the energy splitting between the upper state and the lower state. The corresponding rotating wave approximation is
For a three-level Lambda system characterized by atomic levels g 1 , g 2 , and e with energies ǫ the Hamiltonian can be expressed as
where ω 1 is the frequency of the probe field and ω 2 is the frequency of the coupling field. λ
k and λ (2) k are the coupling constants between the different levels with the fields. Since the lower two states |g 1 and |g 2 are forbidden transition by the laser field, there are no corresponding transition terms in Hamiltonian. In the following, we change the Hamiltonian into a more simple form as
Similarly as doing in the two-level system, we define
Then the Hamiltonian in Eq. (4) has the familiar form,
where 
For the two-level system, the energy eigenstates have the form,
where . (3) . The GS is |g, 0 , which is a dark state. When counter-rotating terms are considered (Hamiltonian in Eq. (2), |g, 0 will not be the energy eigenstate any more. In this case, the GS can be approximated in the first order as (see Ref. [9] )
where
Since the GS is mainly decided by counter-rotating wave terms which are energy nonconserving, the two main components in GS are |g, 0 and |e, 1 . It is seen that when λ increases, the nonzero phonon state will increase in the eigenvector. When λ approaches zero, the GS will become |g, 0 , and this corresponds rotating-wave approximation.
In the three-level system, the energy eigenstates can take the form,
in which n 1 and n 2 represent the photon numbers in probe field and coupling field, respectively. |g 1 , |g 2 and |e are the atomic states. It is obvious that |g 1 , 00 and |g 2 , 00 are eigenvectors of Hamiltonian (see Eq. 7) in rotating wave approximation. Both of two states have zero photons in the laser fields. This means when the initial state is the linear combination of these two states, that is, |ψ(t = 0) = c 1 |g 1 , 00 + c 2 |g 2 , 00 , it forms a dark state. If the atom is prepared in this state there is no possibility of excitation to the excited state |e . Usually |g 1 , 00 is the GS, and |g 2 , 00 is another metastable GS (MGS) of the system. When considering the counter-rotating wave terms, there is no analytic eigen solutions for Hamiltonian in Eq. (6) and each eigenstate will include the component of all of the bare atomic states. States that have no contribution from |e can not be found and there is no dark state any more. Analyzing from the numerical results, we find that the GS and the MGS in which the state |g 2 , 00 is the main term mainly have four terms |g 1 , 00 , |g 2 , 00 , |e, 10 and |e, 01 . Therefore, we can write these two states for the first order approximation in the form |ψ = c 0 |g 1 , 00 + c 1 |g 2 , 00 + c 2 |e, 10 + c 3 |e, 01 . (12) Table 1 lists the energy and coefficient results of GS for different coupling constants calculated by numerical method and by in Eq. (12) . For comparison, the results for the MGS are also given. Numerical method means that we calculate these two eigenstates according to Eq. (11) . Since the expression in Eq. (11) has infinite terms, we have to omit higher photon number states and just keep finite terms. In calculation, the highest photon number in two fields are both chosen to be three.
Without loss of generality, we take all the coupling constants equal and consider the resonance with ǫ 1 = ω 1 = 1 and ǫ 2 = ω 2 = 0.6, just as in EIT experiment [2] . When the coupling strength is very small, in the regime of the most experimental situation, that is λ (1) = λ (2) = 1.0 −6 , both states can be considered as dark states, just as doing in RWA. It is a very good approximation since the excited states almost have no contribution. Increasing the coupling constant, the energy of the system decreases and the main term |g 1 , 00 in the GS and |g 2 , 00 in the MGS also decrease their contribution to the eigenstates. The other terms gradually increase their weights in eigenstates. The contributions of excited states |e, 10 and |e, 01 increase roughly proportional to the coupling constant when λ (1) = λ (2) 0.1. Although the coefficients of each states in the GS are difficult to express in an analytic way, compared with the two-level system, it is found that the coefficients c 2 and c 3 of the GS have the similar dependence on the energy splitting and the field frequency. c 2 is roughly proportional to λ 1 /(ǫ 1 + ω 1 ) and c 3 ≈ λ 2 /(ǫ 2 + ω 2 ). When λ (1) and λ (2) increase to 0.2, c 2 and c 3 in the GS already have rather values more than 0.14. When λ (1) and λ (2) increase further, more and more other terms contribute to these two states. For the MGS, the energy will not have the second lowest energy as in the small coupling constant. The eigenstate in which |g 2 , 00 is the main contribution will become the excited state. In this regime of coupling strength, the four components cannot describe these two eigenstates well and it calls for more components to express the eigenstates. In order to show this point more clearly, the square sum of four coefficients in GS and MGS are listed in Table 2 (12) under the Conditions ǫ1= 1, ǫ2= 0.6, ǫ3= 0.4, ω1= 1, and ω2= 0.6 with Dif ferent Coupling Strengths
Numerical ( 
